The rheologies of a shear-frozen commercial ice cream and of a model ice cream foam have been studied at -5ºC and other temperatures by capillary rheometry on a commercial manufacturing line and in a Multi-Pass Rheometer, respectively. Both were 50 vol% aerated emulsions of milk fat in an aqueous sucrose solution, but the model ice cream foam was without ice crystals. The data indicate significant wall slip effects which have been analysed using the classical Mooney method, the Jastrzebski variant and one based on Tikhonov regularization. The latter approach yields 'most convincing results', including a previously unreported region of shear thickening at very high shear rates of ~ 3000 s -1 for the model ice cream foam, when the capillary number indicates a possible transition in the flow around bubbles from domination by interfacial effects to viscous effects. Viscous heating effects were observed at relatively low shear rates for the commercial ice cream, but not the model ice cream foam. This was attributed to the melting of the ice crystal phase in the commercial ice cream, and, hence, absent from the model ice cream foam.
INTRODUCTION
An appealing texture and rheology are critical aspects of ice cream product quality. Success is achieved by careful manipulation of the four main constituent phases of the ice cream microstructure: ice crystals, air bubbles and fat globules contained within a viscous liquid matrix. Research has tended to focus on the use of ingredients to influence the microstructure and its constituents. Increasingly, attention is being given to the development of microstructure during processing [1 -2] . In particular, the role of air bubble size in stabilizing the product and creating a creamier mouthfeel has become appreciated [3 -4] .
The texture and rheology of ice cream products have been studied extensively. For instance, it has been suggested that ice cream was, in 1934, the first ever food to have its extensional viscosity measured [5 -6] . However, the rheological properties of ice cream change significantly over each stage of the continuous production process. Typically, the ingredients are blended, pasteurized, homogenized, cooled to around 4°C and aged to form a premix. The premix is then fed into a scraped surface heat exchanger (the freezer) where bubbles of air, generally smaller than 30 mm in diameter, are entrained and the mixture frozen to between -4 to -8°C. At this point, around 35 % of the water in the ice cream is present as ice crystals of diameter less than 50 mm, with the remainder forming a highly viscous solution of polysaccharides, milk proteins, emulsifiers, lipids and sugar. At atmospheric pressure, the air bubbles would make up around 50 % of the ice cream volume, and the ice crystals around 10 %. Further high-shear processing can be employed to break the bubbles down to less than 15 mm in diameter, which has been associated with a more favourable final product [3] . Finally, the ice cream is dispensed into appropriate packaging and hardened by cooling below -18°C, where an additional 40 % of the water is incorporated into the existing crystals. This results in a much stiffer material with the familiar texture and rheology of ice cream [3, 7] . Rheological studies on ice cream have demonstrated visco-elastic behaviour which is strongly related to these microscale aspects [8 -11] , with a particularly relevant study investigating the effects of microstructure on an ice cream's oscillatory rheology [12] . To further enhance product quality, knowledge of the rheology of the ice cream flowing from the freezer is desired.
During the processing following the freezer, at -5°C the ice cream may be considered to range from a wet foam with volume fractions of 40 % matrix, 10 % ice and 50 % air at atmospheric pressure, to a bubbly mixture with volume fractions of 70 % matrix, 20 % ice and 10 % air at 8 bar. Within this range the bubbles exist as discrete spherical inclusions. These forms differ from dry foams, with gas volume fractions greater than 70 %, where the bubbles exist as polyhedral structures with thin separating films. Dry foams have received the majority of research attention [13] . Barigou and Deshpande [14] studied the flow of wet foam in vertical pipes and found that these could be described as a power law fluid. Blondin and Doubliez [15] used particle imaging velocimetry on similar foams and identified three different regimes of velocity profiles resulting from shearinduced bubble migration: plug flow, shear flow in a vertical plane, and three-dimensional shear flow. Wall slip has been reported by Bekkour [16] and Herzhaft [17] , amongst others, due to the presence of a thin liquid film free of gas cells near the wall. Studies on ice cream foams have not been reported in the literature, but there do exist some rheological and optical data on related systems, namely water-soluble polymers such as Xanthan or carboxymethylcellulose used as viscosifying agents [17] , solutions of surface active substances such as fatty-acids and n-alkanols [15, 18] , or whipped cream [19 -20] .
This paper reports on attempts to measure the steady-shear rheology of a commercial ice cream in situ on manufacturing lines, and the steady-shear rheology of an ice-free model ice cream foam using a laboratory Multi-Pass Rheometer (MPR) -part of a broader study into the rheology and microstructure of model ice cream systems [21] . In situ manufacturing line measurements of commercial ice cream are challenging due to the limitations of controlling experimental parameters in an industrial setting. These flows exhibit behaviours ranging from no slip at the wall to plug flow. Laboratory measurements of the model ice cream foam, under well-controlled conditions within the MPR, enabled wall slip effects and the model ice cream foam to be accurately characterized and also revealed an unexpected shear thickening phenomenon at very high shear rates.
MULTI-PASS RHEOMETER (MPR)
The rheology of a model ice cream foam has been studied using the Multi-Pass Rheometer developed by Mackley and co-workers [22] . The device is a type of capillary rheometer with two hydraulically driven pistons that force material through a detachable central test section. The concept of a two-piston capillary apparatus has been used to study the pressure-dependence of steady shear viscosity for a variety of polymer melts [23 -25] . A particular feature of the MPR is the ability to use test sections of different geometries and to quantify microstructural aspects of the material under shear. This work addresses aspects of shear rheology: microstructural studies will be reported in a forthcoming paper.
CAPILLARY FLOW AND SLIP ANALYSIS
The gas content of ice cream is often referred to as the overrun, defined as the gas to liquid volume ratio of the final product at atmospheric pressure. The pressure may be several times greater than atmospheric pressure during processing, thus the gas volume fraction (often referred to as the foam quality) decreases but the overrun remains constant. Valkó and Economides [26] presented the volume equalization method to account for this type of variation of foam quality with pressure. They modified the standard constitutive equation form of shear stress, t, as a function of shear rate, g · , to: (1) where e is the expansion ratio, defined as the ratio of liquid density to foam density. They considered that foam follows power law behaviour with coefficient K and power n. This method has been reported to collapse the flow curves of dry foams at different pressures on to a single curve [27 -28] .
The total differential pressure over the MPR is the sum of the components due to end effects and due to shear in the capillary. Bagley plots may be used to separate these two components [29] . Apparent slip may occur at the capillary wall and Mooney plots have traditionally been used to separate the contribution of apparent wall slip to the flow. The apparent slip velocity, V s , is typically assumed to be a function of the wall shear stress, t w , only and the material is assumed to be homogeneous. Based on these, for a material with the constitutive relationship g · = f(t), Mooney's equation [30] is:
where R is the capillary radius and t y is the bulk yield shear stress, should the fluid possess one. The apparent shear rate at the wall,t Aw , is equal to 4Q/pR 3 where Q is the volumetric flow rate. Thus, at constant wall shear stress, the gradient of a plot of equalized apparent shear rate against 4/R (termed the classical Mooney, or CM, plot in this paper) is equal to the slip velocity. Incorporating volume equalization into Eq. 2 yields:
(3) However, Eq. 3 cannot be used in analogous manner to Eq. 2. The wall slip velocity is principally related to the liquid phase rheology and the wall shear stress and not the foam voidage -therefore volume equalization is not applicable to it. Consequently, wall slip correction must be performed for foams of comparable voidage.
Often only three, and sometimes just two, capillary radii are used to determine slip velocities and thus there are only two or three points on the Mooney plot; consequently it can be difficult to account for possible error in the data. Enzendorfer et al. [27] reported the first attempt to analyse the slip contribution to foam flow in a pipe. Their CM plots were based on two or three points, and suffered from negative ordinate axis intercepts. This is a physically impossible result suggesting shear in the backwards direction in the bulk of the foam.
The maximum deviation away from the true flow curve occurs with plug flow. Enzendorfer et al.'s results suggested a greater deviation from the true flow curve than the CM analysis of plug flow could account for. This type of result was first reported by Jastrzebski [31] for the capillary flow of a kaolinite and water suspension. He proposed that the slip velocity is a function of the wall shear stress and inversely proportional to the capillary radius. Jastrzebski did not propose a physical justification for this slip model or suggest any reason why it might possess generality. However, it does manipulate the experimental data into a form whereby the equivalent Mooney plots (termed the Jastrzebski Mooney, or JM, plot in this paper) appear to give viable analyses of the flow data. Enzendorfer et al. utilised JM plots and found them to be compliant with their data, although they did not directly measure any slip velocities. Subsequent reported analyses of slip in foam flow in pipes have followed this approach and used JM plots [17, 28] .
Martin and Wilson [32] conducted a major review of the analysis of slip in capillary flow of pastes and foams. They reported that no physical justification has ever been proposed for the use of the JM plots; no reason have ever been given for why it may be generally applicable; and no report has ever experimentally verified the apparent slip velocities given by JM plots. They concluded that there is no evidence that Jastrzebski's slip condition gives a correct analysis of the flow, and therefore recommended that JM plots should no longer be used without further validation.
An alternative implementation of Mooney's method utilises Tikhonov regularization [33 -34] . It is based on the same assumptions as using CM plots, but is a well defined numerical procedure and overcomes many of the shortcomings of CM plots. It makes full use of the experimental data, rather than using just a small number of interpolated points; does not introduce any new errors; enables experimental error to be accounted for systematically; and finds the true flow curve for the material (without assuming any form of constitutive equation). An approximate solution for the true flow curve and wall slip is developed numerically; the precision of the approximate solution is quantified using the sum of the squares of the deviation between the approximate solution and the experimental data, S1; The smoothness of the approximate solution is judged using the sums of the squares of the second derivatives of the approximate solution at the internal discretization points, S 2 ; Tikhonov regularization minimises a linear combination of these two quantities, S 1 + lS 2 , to yield the best approximate solution, where l is an adjustable numerical factor known as the regularization parameter. The regularization parameter balances the goodness of the fit to the experimental data with the smoothness of the approximate solution.
Martin and Wilson showed that Tikhonov regularization Mooney (known as TRM in this paper) analysis could yield viable solutions for experimental flow data presented in the literature where the original authors had used the JM method [32] . This included the original data of Jastrzebski [31] and both of the foam flow studies [27 -28] . Possible physical reasons were discussed for cases where TRM analysis did not yield viable solutions.
EXPERIMENTAL METHODS

MANUFACTURING LINE
A tube rheometer was constructed of stainless steel pipes and attached 1.5 m downstream of a scraped surface heat exchanger freezer on a manufacturing line. Pipe radii ranged from 4.9 mm to 25.4 mm, and flows were typically measured over a distance of 0.1 m. All pipes were insulated with 15 mm polyeurethane foam. Ice cream temperature was measured using two 1/10th DIN hygienic in-line resistance thermometers (accuracy to +/-0.15°C) located in the centre of the pipe and, sometimes, next to the wall. Flow and pressure were controlled by the use of two 1" Saunders diaphragm valves. Transducer excitation and signal conditioning were undertaken with National Instruments I/O modules (types 6B13 for temperature, 6B11 for pressure) and data collected using a programme written in Labview. Flow was measured at the end of the tube rheometer gravimetrically.
For all runs, a standard 8 % milk fat ice cream premix was used, with the formulation given in Table 1 . Ice cream was initially allowed to flow through the tube to cool all the associated pipe work, sensors and valves. Once temperature stabilisation had occurred, as monitored by the two resistance thermometers at either end of the tube rheometer, the experimental investigations began, with apparent wall shear rates ranging up to 300 s -1 . The overrun was kept constant at 100 % unless otherwise stated. The ice cream temperature was controlled by adjusting the freezer coolant evaporation temperature. The density of the ice cream with no entrained air (that is, the matrix and ice crystals) was taken to be 1120 kg/m 3 for all runs.
For 100 % overrun mixes, temperatures of -3 to -12°C and voidages of 0.1 -0.5 (corresponding to pressures up to 8 bar) were achieved over the range of pipe radii and apparent wall shear rates. The wall shear stress was calculated in each case and was considered to be a function of these four variable parameters. The limitations of experimentation on a manufacturing line meant that a controlled distribution of data points over the whole parameter domain could not be obtained. Instead, particular voidage and temperature regions of the domain were selected for analysis and volume equalization was used when appropriate.
LABORATORY CAPILLARY RHEOMETRY
A model ice cream foam was devised such that the matrix matched that of a commercial ice cream at a processing temperature of -5ºC, but without ice crystals. It was supposed that this would provide a base material for comparison with model foams with controlled amounts if ice and real ice creams [21] . The compositions of the matrix as it was prepared at room temperature and in its final form at the experimental temperature are presented in Table 1 . The matrix densities were 1120 g/cm 3 and 1200 g/cm 3 , respectively. The foam was generated by whipping air into the matrix in a Hobart mixer fitted with a whipping attachment. 1 L of matrix at -5ºC was placed in the mixer bowl and aerated for at least 420 s at 600 rpm until an overrun of 100 % was achieved. A single batch of foam was used for all of the MPR runs. Low temperature scanning electron micrographs (LT-SEMs) were used to investigate the volume fraction and bubble size distribution of the foam samples.
The model foam rheometry was performed using a MPR Mark III (developed at the Department of Chemical Engineering, University of Cambridge, UK), as illustrated in Figure 1 . The MPR consisted of a capillary test section positioned between two servo-hydraulic driven pistons of diameter 10.5 mm. The pistons were operated in tandem using a high precision servo-hydraulic system, with the displacement monitored by linear displacement transducers. Between each pass, the pistons are held constant for a set dwell time before their motion was reversed. The temperature was maintained around -5ºC (±0.1º) by a cooling oil circulating system connected to jackets around the barrels.
The whole system was insulated and the piston heads covered with polymer caps to reduce heat losses through the pistons. Pressure and temperature were measured at either side of the test section by Omega 100 bar type pressure transducers (± 10 % accuracy up to 1 bar) and K-type thermocouples, respectively. Since the two pistons were operated in tandem, the total volume of the system was constant and the mean pressure was equal to atmospheric pressure. The pressure of the fluid before the capillary entry was above atmospheric and the pressure after the capillary exit was below atmospheric; the difference was the differential pressure. The sample volume used was 10 -20 ml.
A series of capillary inserts with 45º conical entry angle were used to study the shear rheology of the foams. 
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Applied Rheology Volume 18 · Issue 1 responding to apparent wall shear rates up to 20000 s -1 , which matched and extended beyond the range obtainable on the manufacturing line. A series of runs was also performed on a batch of unaerated matrix to investigate the apparent viscosity of the liquid matrix in the foam.
RESULTS AND DISCUSSION
MANUFACTURING LINE
Selecting flows from the total data set with voidages of 0.11±0.01 and central temperature of -5.6 ± 0.3°C yielded data for pipe radii of 4.9, 8.2 and 11 mm, the flow curves of which are presented in Figure 2 . The scatter amongst the data is attributed to the difficulties of controlling the processing conditions on a commercial manufacturing line. The data clearly show a dependency on pipe radius, consistent with the effect of apparent wall slip. Power law fits to the data were used to help construct CM and JM plots, with the CM plots proving to be viable, and more linear than the JM plots. TRM analysis indicated that the ice cream was undergoing plug flow (consistent with the CM plots), yielding the fitted flow lines in the figure. This suggests that the shear yield stress of the ice cream at around -5.6°C is over 2 kPa. For comparison, Briggs et al. [5] reported the yield stress (measured by the vane method) of a hardened ice cream as 2 kPa at -12°C. Fig. 3 shows that the slip velocity of the ice cream is approximately proportional to the wall shear stress, with a gradient of 0.11 m/(s kPa).
Selecting flows with voidages of 0.24 ± 0.05 and a central temperature of -9.5 ± 0.6°C yielded data for radii of 17.4 and 23.9 mm, which showed no pipe radius dependence. This indicates that wall slip was negligible, consistent with slip effects becoming less significant at large pipe radii. It also enabled the direct use of volume equalization to yield the flow curve presented in Figure 4 , although the use of volume equalization did not perceptibly reduce scatter amongst the data. Under these conditions, the ice cream did not display any yield stress behaviour and a least-squares power law fit gave n = 0.442 and K = 2320 Pa s -0.442 .
The variation of ice cream rheology with temperature was assessed by assuming that the index n remained constant and that there was negligible wall slip for all flows in pipes with radii of 17.4 and 23.9 mm. Figure 5 shows the variation in the power law coefficients fitted to equalized data against central temperature. In this case, voidages ranged from 0.12 -0.35 and, again, application of the vol-
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Volume 18 · Issue 1 ume equalization method did not reduce scatter amongst the data. The coefficient decreases in what might be an exponential manner with increasing temperature, consistent with the Arrhenius equation [4] , however an unexpected pipe radius dependence is apparent. There appears to be a trend for the 23.9 mm pipe coefficients to be consistently lower than those for the 17.4 mm pipe, with the trends diverging as the ice cream becomes colder. This is contrary to the effect of any apparent wall slip, which, if present, would be expected to give a lower coefficient for the 17.4 mm pipe case.
The effect of viscous heating has been reported to be significant in the capillary flow of a variety of polymer melts, including those which exhibit wall slip [35 -36] . The effect of viscous heating was found to counter the effect of wall slip, such that the apparent viscosity of flows became smaller at higher pipe radii for shear rates over 2000 s -1 . This trend is consistent with the results presented here, although it illustrates the high sensitivity of ice cream rheology to temperature if viscous heating effects are apparent at shear rates several orders of magnitude lower than those of the polymer melts. Further investigation of this would require consideration of the ratio of viscous dissipation against heat transfer by conduction (i.e. the Brinkmann number).
Preliminary experiments with a range of overruns in a pipe of radius 25.4 mm and instrumented with temperature transducers both in the centre and at the wall confirmed the occurrence of viscous heating. Two otherwise similar flows with apparent wall shear rates of 2.8 and 5.7 s -1 are detailed in Table 2 . The central temperature gradient along the pipe was less than 0.01°C/m in both cases, indicating the negligible radial heat conduction was occurring. The wall temperature gradients along the pipe were 0.61 and 0.62°C/m respectively. Radial heat conduction would give rise to more heating and higher temperature gradients at slower flow rates, so again conduction appears to be negligible. Viscous dissipation would give rise to more energy dissipation at faster flow rates, but this would be largely matched by the increase in mass flow such that the temperature gradient changes little. Thus, it is concluded that viscous heating is a significant feature of the flow of this ice cream. Further investigation is underway to characterize its effect fully. Fig. 6 shows an example low temperature scanning electron micrograph (Jeol JSM 820, Welwyn Garden City, UK) of a 100 % overrun model foam. This microscopy revealed air cells and an unfrozen continuous phase. By comparison, images of a full formulation commercial ice cream would also show irregularly shaped ice crystals [12] . At lower magnifications, the bubbles appeared spherical and smooth and displayed a poly-disperse size distribution approximately ranging from 20 to 70 mm in diameter. Fat globules of 0.5 -1.5 mm diameter were evident at the gas-liquid interfaces, and protruded into the bubble cavity. A higher concentration of the fat was visible at the interface than in the bulk matrix. Quantitative stereology was used to estimate the precise volume fraction of the foams: all samples studied gave reproducible results, with air volume fraction varying by ± 2 %.
LABORATORY CAPILLARY RHEOMETRY
The matrix with no entrained air was a shearthinning material with the apparent viscosity dropping from almost 2.5 Pa s at apparent shear rates of around 40 s -1 to an approximately constant apparent viscosity of 1.2 Pa s at apparent shear rates from
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Applied Rheology Volume 18 · Issue 1 1000 to 20000 s -1 . These represent the apparent viscosity of the liquid phase of the foam and illustrate that this is very viscous compared to an aqueous foam, where the liquid phase apparent viscosity would be around 0.001 Pa s. Consequently, effects such as liquid phase drainage, bubble buoyancy, and shear-induced bubble migration will be considerably less important. The measured apparent viscosity of the matrix is included in Figure 9 later in the paper.
The highest differential pressure recorded was around 90 kPa, giving a voidage of 0.40 at the capillary entrance which increases to 0.65 at the exit. Since the capillaries used included some of relatively short length, end corrections were evaluated using the Bagley plot technique. These plots were linear for piston velocities up to 20 mm/s, but some curvature was evident at higher speeds which suggests that some pressure effects were significant. The results from the Bagley plots were used to calculate the wall shear stress in the capillary.
The experimental flow data are presented in Figure 7 , along with the various analyses presented shortly. A significant diameter effect is apparent and displays a general shear thinning behaviour, in common with many other foams [27] . An unusual feature is the kink in the flow curves at an apparent shear rate of around 4000 s -1 which signifies a period of shear thickening.
The CM plot is presented in Figure 8a . There is some apparent deviation away from linearity in the six sets of three points. Whether this is due to experimental error, interpolation error or actual material behaviour is not known. For comparison, the JM plot is presented in Figure 8b and more linear trends are evident. Many other studies have adopted the Jastrzebski analysis on this basis alone [32] . The difference in interpretation is significant; whilst the CM plots indicate that 42 % of the flow is due to slip for R = 1 mm at t w = 5.4 kPa, the JM plots indicate that just 16 % is due to slip. The slight improvement in correlation in the JM plots was considered insufficient justification for a significantly different interpretation of the results. TRM analysis was performed on the data using 101 discretization points and regularization parameter l = 1000, which were found to be suitable values. The fit yielded a yield shear stress of 1420 Pa and the fitted curves are included on Figure 7 in the direction of the abscissa is an indication of the amount of wall slip. The TRM-fitted wall slip velocity against wall shear stress is included in Figure 3 , and was approximately linear.
The true flow curve of shear stress against shear rate for the bulk foam material is presented in Figure 9 , along with its apparent viscosity and the apparent viscosity of the liquid matrix. Two unusual features for foam flow are apparent; (i) the foam displays a period of shear thickening at a shear rate of around 3000 s -1 , and (ii) at higher shear rates the apparent viscosity of the foam is lower than the apparent viscosity of the matrix liquid. Since only one foam has been investigated these results must be treated with a degree of caution, but do merit some discussion.
Classically, the addition of particles to a liquid has increased its apparent viscosity, as theorised by Taylor [37] for gas bubbles in a liquid. This is a consequence of the particles deforming the flow lines of the suspending liquid, and thus increasing the resistance to flow. This is supported by previously published literature concerning wall slip of foams [27 -28] . These were all foams of aqueous solutions with shear rates ranging up to 1000 s -1 and voidages of around 0.6. However, in this study the apparent viscosity of the liquid matrix is much higher and the shear rates extend up to 20000 s -1 . This type of foam is less common than aqueous foams, but has received particular attention in the study of volcanic magmas.
The capillary number, Ca = ag · m A /G, is the ratio of viscous stresses to interfacial stresses, where a is the bubble radius, m A the liquid matrix apparent viscosity and G the surface tension. Llewellin and Manga [38] illustrate that when interfacial stresses dominate the foam, i.e. Ca << 1, the bubbles remain spherical and the apparent viscosity of the foam is greater than the apparent viscosity of the matrix. However, high shear rates or matrix viscosities, Ca >> 1, can lead to viscous stresses dominating the foam, in which case bubbles become deformed. The deformed bubbles distort the flow lines less and also provide more free-slip surfaces within the suspending medium and consequently the apparent viscosity of the foam is lower than the apparent viscosity of the matrix. Uncertainties in the surface tension and the poly-dispersity of the bubble size distribution prevent accurate capillary numbers being calculated for this foam, but estimating the bubble radius as 0.02 mm and the surface tension as 0.06 N/m gives the capillary num-ber to be approximately 1 at a shear rate of 2500 s -1 , around which the foam apparent viscosity first drops below the matrix apparent viscosity. Therefore, the experimental data are roughly in agreement with this theory, and it might be expected that bubble deformation occurred at the higher shear rates.
The period of shear thickening observed at shear rates around 3000 s -1 is not accounted for by the phenomena discussed by Llewellin and Manga [38] . It is not known what has caused this result. However, it is noted that Llewellin and Manga purposefully studied foams without surfactants present since these complicate the processes. The ice cream matrix contains significant amounts of surfactant, and adsorption effects may be playing a role. For example, a shear rate may be reached at which bubble interface renewal exceeds the rate at which surfactant adsorption to the interface can occur. In this case the surface tension of the bubbles would increase, resulting in them becoming more spherical and consequently increasing the apparent viscosity. Alternatively, coalescence of the fat globules may have taken place, leading to a shear thickening effect as occurs when whipping cream. Without further study these ideas are purely speculative.
Bubble break-up may have occurred during the experiments, but it is not thought that this was the cause of the observed shear thickening. The break-up of bubbles in a Newtonian matrix may be characterised by Ca and the ratio of gas to liquid viscosity, q, around 10 -5 in this case. Rallison [39] reports that under simple shear conditions break-up will occur when Ca > 0.25q -0.55 . This corresponds to Ca > 140 in the current case, which is well above the range of conditions occurring in the capillary, and so bubble break-up would not be expected. However, bubbles break up much more easily in extensional flows, as experienced by the foam in the capillary entrance region. Here, break-up is expected to occur when Ca > 0.148q -1/6 which corresponds to Ca > 1 in our case, and is well within the range of conditions occurring in the experiments. Break-up would then reduce the maximum bubble radius tõ 3 mm. However, all of the experimental runs were performed on a single batch of foam, therefore this break-up would be expected to occur during the initial runs, resulting in a stable foam for the remaining runs. The shear-thickening behaviour was observed over all of the runs, thus it would appear that bubble break-up was not the cause.
COMPARISON OF MANUFACTURING LINE TO LABORATORY RESULTS
The increased control of experimental conditions in the laboratory enabled a more detailed analysis of the model foam to be made than was possible for the ice cream on the manufacturing line. However it is difficult to reproduce the continuous production stream of frozen ice cream in the laboratory, which leads to the use of more ideal, but less realistic, model materials.
The TRM characterization of the model foam in Figures 3 and 9 (with f = 0.50 ± 0.15 and T c = -5.0 ± 0.1°C) was used to predict the model foam flow curves within the pipe geometries used on the manufacturing line (with f = 0.11 ± 0.01, T c = -5.6 ± 0.3°C). The resulting model flow foam curves are included on Figure 2 . This illustrates how aerating the model foam matrix with air bubbles has given it a yield stress, leading to plug flow for all wall shear stresses below 1.42 Pa. There is approximate agreement with the ice cream and the model foam below this yield stress. However the ice cream appears to have a higher yield stress, in excess of 2.5 kPa, which is to be expected since it contains ice crystals and has a lower voidage.
There is very good agreement between the TRM wall slip velocity and wall shear stress fits for the ice cream and model foam, shown in Figure 3 . This is consistent with a high shear slip layer next to the pipe wall consisting primarily of the liquid matrix alone, the liquid phases in both cases having similar compositions.
The model foam did not appear to display any of the effects of viscous heating which were apparent in the ice cream, even at very high shear rates. This may be due to various differences between the systems, but the removal of ice phase volume due to melting from the foam is expected to be a key factor. The ice fraction of frozen standard vanilla ice cream has been measured to vary from 16 to 40 % as temperature was reduced just 2°C from -3 to -5°C [3] .
CONCLUSION
The rheologies of a commercial ice cream and a model ice cream foam have been studied using capillary rheometry on a manufacturing line and in a laboratory using the Multi-Pass Rheometer respectively. Slip analysis of the flow data was performed using three methods; the classical Mooney method, the Jastrzebski Mooney method and the Tikhonov regularization Mooney method. Tikhonov regular-ization was found to be the superior method of analysis. The Jastrzebski Mooney method was shown to produce a significantly different interpretation of the flow, and due to the lack of a physical basis or any evidence of its validity it is recommended that in the absence of further support this method is not used for foam slip determination.
The commercial ice cream was shown to display both wall slip and viscous heating effects. It displayed a yield stress under certain conditions, and a power-law relationship under others; these suggest that a temperature dependent Herschel-Bulkley model would be appropriate, although further study of these is required to obtain a complete characterization.
The model ice cream foam flow passes from interfacial dominated behaviour at low shear stresses to viscous dominated behaviour at high shear stresses. The respective foam viscosities were greater than and less than the apparent viscosity of the liquid matrix. A period of shear thickening was observed which has not been previously reported in the literature, but as yet explanations of it are speculative.
